Evangelista AM, Deschamps AM, Liu D, Raghavachari N, Murphy E. miR-222 contributes to sex-dimorphic cardiac eNOS expression via ets-1. Physiol Genomics 45: 493-498, 2013. First published April 30, 2013 doi:10.1152/physiolgenomics.00008.2013.-It is well recognized that there is sex-dimorphic expression of mRNA and protein in the heart; however, the underlying mechanism is poorly understood. Endothelial nitric oxide synthase (eNOS) is an important regulator of cardiac function, and the expression levels of eNOS differ between male and female hearts. The aim of this study was to examine whether expression of specific microRNA (miRNA, miR) in males and females contributes to changes in the expression of eNOS. miRNA was extracted from the myocardium of male and female C57BL/6 mice and subjected to an Affymetrix miRNA array. Decreased expression of miR-222 was discovered in females and confirmed by qRT-PCR from whole heart or isolated cardiomyocytes. The transcription factor V-ets erythroblastosis virus E26 oncogene homolog-1 (ets-1) was identified as a potential target of miR-222 using TargetScan, and fivefold increased ets-1 protein expression in females was confirmed by Western blot. Targeting of ets-1 by miR-222 was determined in HEK293 cells overexpressing luciferase under regulation of either the ets-1 3=-UTR, a null 3=-UTR control, or a scrambled ets-1 3=-UTR and treated with a small molecule miR-222 mimic or inhibitor. Additionally qRT-PCR confirmed that mRNA levels of the ets-1 transcriptional target, eNOS, were 25% higher in females. Compared with untreated myocyte controls, 50% inhibition of eNOS expression was achieved by treatment with a miR-222 mimic, compared with a 25% increase due to miR-222 inhibitor. Our findings indicate that sexdependent miR-222 regulation alters the expression of the cardiac regulatory protein eNOS. sexual dimorphism; cardiac; nitric oxide synthase; ets-1; miR-222 IT IS WELL KNOWN THAT HEALTHY males and females have differences in cardiac phenotypes at baseline, including heart size (11), calcium handling (10), and electrophysiology (2, 24). Underlying these differences are sex-dependent protein expression profiles that contribute to altered cardiac regulatory mechanisms and response to stimuli. While it is evident that females and males display disparate cardiovascular protein regulation (9, 29, 36), the mechanisms through which these intrinsic genetic changes are effected remain unclear.
IT IS WELL KNOWN THAT HEALTHY males and females have differences in cardiac phenotypes at baseline, including heart size (11), calcium handling (10) , and electrophysiology (2, 24) . Underlying these differences are sex-dependent protein expression profiles that contribute to altered cardiac regulatory mechanisms and response to stimuli. While it is evident that females and males display disparate cardiovascular protein regulation (9, 29, 36) , the mechanisms through which these intrinsic genetic changes are effected remain unclear.
Endothelial nitric oxide synthase (eNOS) is a major source of nitric oxide in the heart and contributes to signaling both through classical activation of cyclic GMP and the posttranslational modification, S-nitrosylation (32, 34) . In the healthy heart, eNOS contributes to the regulation of contractility and beta-adrenergic signaling (20, 25, 30, 38) . eNOS protein expression is known to differ between male and female hearts, with both increased mRNA and protein levels in females (9) . This increase has been linked to signaling through the female sex hormone estrogen (28) ; however, as the eNOS promoter does not contain an estrogen response element (23) it is unlikely that estrogen acts as a transcription factor for eNOS. In support of this, estrogen treatment was found to increase eNOS promoter activity without estrogen receptor binding (23) , indicating that the increase in eNOS mRNA mediated by estrogen occurs through an unidentified intermediate regulatory pathway. Identification of this pathway will improve the understanding of sex-dependent cardiac function.
One possible mechanism of gene and translational regulation is through expression of microRNAs (miRNAs). miRNAs are small (20 -24 nucleotide) single-stranded pieces of noncoding RNA that bind to the 3=-untranslated region (UTR) of mRNA and inhibit translation. Our study tested the hypothesis that differential miRNA expression in the heart contributes to differences in eNOS levels between males and females. Although estrogen treatment has been shown to regulate the expression of several miRNAs both in vivo (40) and in vitro (6), intrinsic differences in miRNA expression in healthy male and female hearts and how these differences contribute to protein expression have not been studied.
To test our hypothesis, we isolated total RNA (including miRNA) from sexually mature male and female mouse hearts and examined differences in miRNA expression. In females compared with males, miR-222 was significantly decreased and this correlated with increased eNOS expression. We demonstrated that mRNA and protein levels of the eNOS transcription factor and putative miR-222 target, V-ets erythroblastosis virus E26 oncogene homolog 1 (ets-1), were significantly increased in females compared with males, and we confirmed miR-222 targeting of ets-1 in vitro. Additionally, treatment with miR-222 mimic inhibited eNOS expression in cardiomyocytes while inhibition of miR-222 enhanced eNOS expression. These data suggest that females have less miR-222 levels, leading to increased expression of eNOS via increased expression of the ets-1 transcription factor.
MATERIALS AND METHODS
RNA isolation. Male and female C57BL/6J mice (20 -30 g) aged 15 wk were obtained from Jackson Laboratories (Bar Harbor, ME). All animals were treated and cared for in accordance with the Guide for the Care and Use of Laboratory Animals [National Institutes of Health (NIH), 1996]. This study was approved by the Institutional Laboratory Animal Care and Use Committee. Total RNA (including miRNA) was isolated from hearts using the miRNeasy Mini kit from Qiagen (Valencia, CA). In brief, 50 mg of tissue was homogenized in 700 l of lysis reagent and allowed to sit at room temperature for 5 min. We added 140 l of chloroform to the tube and shook it for 15 s. After 3 min, the samples were centrifuged for 15 min at 12,000 g at 4°C. The upper aqueous portion was transferred to a new tube, and 525 l of 100% ethanol was added and mixed thoroughly. The samples were then transferred to a spin column and centrifuged at 8,000 g for 15 s. After discarding the flow-through, we added 700 l of buffer RNA washing buffer (Buffer RWT) to wash the column followed by 500 l of mild ethanol-containing RNA washing buffer (buffer RPE). The spin column was then transferred to a new collection tube, and RNA was eluted with RNase-free water. The total amount of RNA was measured using the NanoDrop 2000 (ThermoFisher, Wilmington, DE). RNA samples were stored at Ϫ80°C until their use in subsequent assays.
Genisphere FlashTag biotin labeling. mRNA samples were labeled for the Affymetrix GeneChip miRNA 1.0 array (Santa Clara, CA) using the Genisphere FlashTag Biotin HSR RNA labeling kit (Hatfield, PA). Briefly, the total RNA samples were diluted to 8 l with nuclease-free water, and 2 l RNA spike control oligos were added. Next, 1.5 l 10ϫ reaction buffer, 1.5 l 25 mM MnCL 2, 1 l ATP, and 1 l polyadenylate polymerase were added. The samples were mixed gently, microcentrifuged, and incubated at 37°C for 15 min. We then added 4 l of 5ϫ FlashTag ligation mix biotin and 2 l of T4 DNA ligase and mixed gently. The samples were incubated at room temperature for 30 min, and the reaction was stopped by the addition of 2.5 l stop solution. We removed 2 l of the labeled sample and analyzed it for quality using the Genisphere ELOSA QC assay (enzyme-linked oligo-sorbent assay quality control assay).
Affymetrix GeneChip miRNA array. To prepare the hybridization cocktail, 50 l 2ϫ hybridization mix, 15 l 27.5% formamide, 10 l DMSO, 5 l 20ϫ eukaryotic hybridization controls, and 1.7 l control oligonucleotide B2, 3 nM was added to the remaining 21.5 l of labeled miRNA (from above), bringing the total volume to 103.2 l. This mixture was then incubated at 99°C for 5 min and then at 45°C for 5 min. We removed 100 l of this mixture and injected it into an array. The arrays were then placed into hybridization ovens and allowed to incubate at 48°C and 60 rpm for 16 h. After 16 h, the hybridization cocktail was removed and each array was completely filled with array holding buffer and allowed to come to room temperature. The arrays were then washed and stained using the fluidics station script FS450_0003 and scanned. The data discussed in this publication have been deposited in National Center for Biotechnology Information's Gene Expression Omnibus (GEO) (15a) and are accessible through GEO Series accession number GSE42829. (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?tokenϭ bzidrkieokwqmtg&accϭGSE42829).
Cardiomyocyte isolation. Adult (12 wk old) C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME). Adult SpragueDawley rats were obtained from Taconic Farms (Germantown, NY). Animals were euthanized by pentobarbital injection. Heparin was injected into the vena cava, and the heart was Langendorff-perfused with calcium-free normal Tyrode's solution bubbled with 100% oxygen (in mM: 136 NaCl, 5.4 KCl, 1 MgCl2, 10 HEPES, 10 D-glucose, pH 7.4). Hearts were equilibrated for 7 min. Mouse hearts were digested with Liberase TM (Roche Applied Science, Mannheim, Germany) until the flow rate increased to 1.5-fold of perfused flow rate and then removed and minced. Mouse hearts were serially digested for 4 min at 37°C, and cells were checked for rod shape prior to RNA and miRNA extraction. Rat hearts were perfused with Blendzyme IV for 7 min then removed and minced. Hearts were serially digested for 3 min at 30°C, and cells were checked for rod shape. Calcium was slowly reintroduced over 30 min, and following gravity settling, cells were resuspended in ACCT media (DMEM; Gibco, Gaithersburg, MD) supplemented with 2 g/l albumin, 2 mM L-carnitine, 5 mM taurine, 5 mM creatine, and 1% penicillin-streptomycin. Cell viability was assessed by trypan blue exclusion, and cells were plated on laminin-coated culture dishes at a density of 3,000 cells/cm 2 . Media were changed after 1 h. After overnight culture, cells were treated with 20 pmol of miR-222 mimic, anti-miR, mimic negative control, or anti-miR negative control using FuGene transfection reagent (Roche Applied Sciences) in OptiMEM (Gibco). ACCT medium was added after 1 h. Cells were collected after 7 h, lysed in RIPA lysis buffer with protease and phosphatase inhibitor cocktail (Roche Applied Sciences), and stored at Ϫ80°C until processing.
miRNA quantitative PCR. miRNA was quantified using the Applied Biosystems TaqMan MicroRNA Assay (Foster City, CA). Briefly, 5 l of RNA (1 ng total) was mixed with 7 l of reverse transcription (RT) master mix. We placed 12 l of the RNA/master mix in a 0.2 ml reaction tube and added 3 l of RT primer. The mixture was incubated on ice for 5 min and then placed in a GeneAmp 2700 Thermocycler (Applied Biosystems). The parameters were 30 min at 16°C, 30 min at 42°C, and 5 min at 85°C. After the reverse transcriptase step, 17.76 l of PCR Master Mix, No AmpErase uracil-N-glycosylase/nucleasefree water was added to 1.33 l of the RT reaction product and 1 l of the experimental or housekeeping TaqMan MicroRNA Assay. This solution was added to a PCR reaction plate and run using the Applied Biosystems Real-Time PCR System. Thermal cycling parameters were 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Taqman assay number 002276 was used for miR-222, and U6 RNA (assay number 001973) was used as a control. The delta-delta cycle threshold (⌬⌬C T) method was used to quantify miRNA.
RNA quantitative PCR. mRNA was quantified using the Applied Biosystems TaqMan Gene Expressions Assay. Briefly, cDNA was synthesized from total RNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems). The thermal cycler conditions were 10 min at 25°C, 120 min at 37°C, and 5 s at 85°C. Then, 4.0 l (40 ng total) of cDNA, 1 l of 20ϫ Gene Expression Assay, 10 l of 2ϫ gene expression master mix, and 5 l of RNase-free water were mixed. The mixture was transferred to a 96-well reaction plate and was sealed. The plate was added to the Applied Biosystems RealTime PCR System and run with the following parameters: hold at 50°C for 2 m, hold at 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. The ⌬⌬CT method was used to quantify RNA. Taqman Assay primer ID for eNOS was Mm00435217_m1*, assay for ets-1 was Mm00468970_m1, and for the housekeeping mRNA mouse beta actin was Mm00607939_s1 (Applied Biosystems).
Ets-1 luciferase assay. The putative target sequence in the ets-1 3=-UTR was identified using TargetScan software (MIT, Cambridge, MA). TargetScan was searched using the mouse database and "mmumiR-222." Potential targeting sites were chosen based on 8-mer probability of preferential conservation. The pMIR-REPORT luciferase plasmid (Promega, Fitchburg, WI) and the following oligos containing the target sequence or scramble sequence, respectively (IDT, Coralville, IA), were restriction enzyme cut with PME1 and HindIII (New England Biolabs, Ipswich, MA) (5=-aagcttagaactgaggatccttagagatgtagcgatgctacattaaatgttttgtttaaac-3=,3=-ttcgaatcttgactcctaggaatcttacatcgctacgatgtaatttacaaaacaaatttg-5=, 5=-aagcttagaactgaggatccttagagattgagcgatgctacattaaatgttttgtttaaac-3= and 3=-ttcgaatcttgactcctaggaatctaactcgctacgatgtaatttacaaaacaaatttg-5= target sequence in boldface and added BamHI site underlined). The oligo and plasmid were ligated using T4 DNA Ligase (New England Biolabs) overnight at 16°C. Either empty or ets-1-containing pMIR-REPORT luciferase (200 ng) and pRL-TK renilla (Promega) were transiently overexpressed in HEK293 cells (ATCC, Manassas, VA) using FuGene transfection reagent in OptiMEM (Gibco). At the same time, cells were treated with 20 pmol of either miR-222 mimic or anti-miR-222 (Dharmacon, Lafayette, CO). After 24 or 48 h, cells treated with mimic or anti-miR, respectively, were subjected to passive lysis and luciferase measurements according to the Dual Luciferase Assay System (Promega). Luminescence was recorded using an Omega FluorStar plate reader (BMG LabTech, Ortenberg, Germany). Firefly luciferase values were normalized to renilla luciferase and presented as change from control.
Western blot. Cell extracts were prepared in RIPA buffer (Invitrogen) containing phosphatase and protease inhibitor cocktail (Roche).
Myocardial extracts were prepared in HEPES/EDTA/SDS buffer containing protease and phosphatase inhibitor cocktail and homogenized using a Dounce glass homogenizer. Total protein were separated electrophoretically on a 4 -12% Bis-Tris gel (Invitrogen, Grand Island, NY) and transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature with 5% nonfat milk in Tris-buffered saline with Tween 20 (TBS-T) followed by 1 h incubation with the primary antibody for either Ets-1 (C-4, 1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA) or eNOS (B-5, 1:1,000; Santa Cruz Biotechnology) in 5% nonfat milk in TBS-T. Membranes were subsequently incubated with horseradish peroxidase conjugated secondary antibody (1:5,000; Cell Signaling Technologies, Beverly, MA) for 1 h at room temperature. Proteins were detected using Western Lightning Enhanced Chemiluminescence solution (Perkin Elmer, Waltham, MA) and visualized on film. Optical densities for each band were obtained using ImageJ (NIH, Bethesda, MD).
Data analysis. The Affy miRNA QC tool (version 1.0.33) was used to read and normalize the data on mouse GeneChip miRNA 1.0 array containing 609 mouse miRNAs. Sample variability was explored with principle component analysis. GraphPad Prism software (La Jolla, CA) was used to determine significance of all other data. A Student's t-test was used to determine the significance between two samples. An ANOVA with a Bonferroni post hoc test was used to determine significance for multiple comparisons. All data are presented as means Ϯ SE. A P value Յ 0.05 was considered statistically significant.
RESULTS

Male and female hearts have divergent miRNA expression patterns.
We isolated miRNA from four male and four female mice and subjected it to an Affymetrix miRNA microarray. Of 609 assayed miRNA, eight miRNAs show changes in relative expression between the sexes, with four decreased and four increased in females (Fig. 1A) . The heat map (Fig. 1B) depicts changes in miRNA species where there was at least a 20% change between males and females and a P value of Ͻ 0.05. Among the four miRNAs with higher relative expression in males, the absolute expression levels of miR-144, miR-34b-3p, and miR-205 in both the male and female groups were low. miR-222 expression levels were significantly higher in males than in females, and absolute levels were well above background noise. miR-1, miR-106b, miR-720, and miR-29b showed higher expression in females than in males and were all well above background noise. We chose to focus on the change in miR-222 because it has been shown to indirectly regulate NOS, and NOS activity is known to be important in imparting cardioprotection in females (8, 9, 27) .
Female hearts have increased eNOS and ets-1. We quantified eNOS mRNA expression between male and female mouse heart samples and demonstrated a significant increase in eNOS mRNA in female whole heart samples or isolated cardiomyocytes (Fig. 2, A and B) , which is consistent with previously demonstrated increases in protein levels in females (9) . Using http://targetscan.org, we found that eNOS is not a direct target of any of the eight miRNA identified in the microarray screen; however, miR-222 has been previously demonstrated to indirectly alter NOS levels (26, 31) . We first validated the decrease in miR-222 in females by quantifying miR-222 in the male and female whole heart or cardiomyocytes samples by real-time PCR (Fig. 2, E and F) . Because miR-222 is an indirect regulator of eNOS, we sought to determine the intermediary component. Using http://targetscan.org, we found that an in silico target of miR-222 is the ets-1 transcription factor. ets-1 is known to be regulated by miR-222 in metastatic melanoma (26) . In addition, ets-1 has been demonstrated to bind to the promoter region of eNOS and affect transcription in endothelial cells (7, 22) . Consistent with this, we found that ets-1 mRNA levels (Fig. 2C ) and protein levels (Fig. 2, C, D , and G) were significantly increased in female mice compared with male mice. miR-222 regulates ets-1 and eNOS. To confirm the interaction of miR-222 with ets-1, we inserted the miR-222 target site in the ets-1 3=-UTR into the 3=-UTR of the Promega pMIRluciferase Report construct. Luciferase activity was compared in HEK293 cells containing the luciferase construct with the ets-1miR-222 target site or a scrambled ets-1 target site (ets-1 3=-UTR and scramble 3=-UTR, respectively). In the presence of an miR-222 anti-miR, luciferase activity was significantly enhanced in cells containing the ets-1 3=-UTR construct compared with those expressing the scramble 3=-UTR (Fig. 3A) . Similarly, in cells expressing ets-1 3=-UTR, but not those with scramble 3=-UTR, treatment with a miR-222 mimic significantly inhibited luciferase activity (Fig. 3B) . Cells in which a scrambled mimic or anti-miR (oligo control) was used showed no change in luciferase activity from untreated controls.
To test a direct link between miR-222 levels and eNOS expression in the heart, we isolated cardiomyocytes from adult rat ventricle and cultured them with a miR-222 mimic or miR-222 anti-miR. Rat myocytes were chosen for these experiments as they showed greater viability in a cell culture system than isolated mouse myocytes. After 7 h, eNOS expression was significantly decreased in cardiomyocytes receiving miR-222 mimic but not a scrambled mimic control oligo (Fig. 4) . Conversely, cells treated with the miR-222 anti-miR showed increased eNOS expression compared with untreated cells or cells treated with a scrambled anti-miR control (Fig. 4) .
DISCUSSION
In this study, we tested the hypothesis that differences in miRNA expression are involved in male-female differences in cardiac eNOS expression. miRNAs are powerful endogenous inhibitors of mRNA translation. We found that eight miRNAs were significantly different between males and females, with four increasing and four decreasing in females. Of these eight miRNA, none are reported to directly alter eNOS expression; however, six have documented expression changes during cardiac pathology, including heart failure (miR-1, miR-106b, miR-29b, miR-34b, miR-222) (3, 4, 14, 21) , arrhythmias (miR-1)(4), hypertrophy (miR-34b, miR-222) (1, 16) , and fibrosis (miR-29b) (37) . The potential impact of these miRNAs on sex-dependent protein expression has not been explored. miR-222 is the only miRNA we identified that is encoded by the X-chromosome and is known to both regulate and be regulated by the estrogen receptor alpha (ER-␣) (13, 39) . We found that miR-222 was significantly decreased in female hearts compared with male hearts. miR-222 regulation is known to play an important role in vascular inflammation, endothelial cell migration, and angiogenesis, in part through alteration of eNOS levels (12) . However, the role of miR-222 in sex-specific cardiac physiology has not been explored. Much of the literature on miR-222 and ER-␣ is in the context of breast cancer, in which it is known that ER-␣ signaling inhibits transcription of Fig. 2 . Endothelial nitric oxide synthase (eNOS) and V-ets erythroblastosis virus E26 oncogene homolog-1 (ets-1) are increased in female hearts. Total mRNA was isolated from adult mouse hearts (A) or isolated mouse cardiomyocytes (B, n ϭ 4) and assessed for eNOS mRNA by qRT-PCR (P Ͻ 0.05). Fold change in miR-222 transcript levels as assessed by qRT-PCR of whole heart (E) or isolated cardiomyocytes (F) (n ϭ 4). Total mRNA was isolated from adult mouse hearts (C, n ϭ 4) or cardiomyocytes (D) and assessed for ets-1 mRNA by qRT-PCR (P Ͻ 0.05). G: cardiac homogenate was assessed for ets-1 expression in both male and female mice. Data are reported as arbitrary density units; a representative Western blot of cardiac ets-1 protein levels is shown below (n ϭ 4, P Ͻ 0.05). *P Ͻ 0.05. the miR-221/222 family through recruitment of co-repressors (13) . Conversely, miR-222 downregulates ER-␣ through direct translational inhibition (39) . In the context of the heart, this interplay between miR-222 and ER-␣ represents an uncharacterized pathway through which sex-dependent signaling can mediate cardiac translation.
The role of eNOS signaling in cardiac function has long been recognized. Genetic ablation of eNOS results in increased mortality of both male and female mice (20) . Decreased levels of cardiac eNOS have also been linked to increased hypertrophy (5) and inhibition of ischemic preconditioning (35) . In contrast, increased eNOS levels, such as in cardiac-specific transgenic mice, have decreased infarct size following ischemia/reperfusion injury (15, 17) . In part, eNOS contributes to these effects by increasing the nitric oxide-dependent posttranslational modification S-nitrosylation and altering protein function, including that of the L-type calcium channel (34) , ryanodine receptor (19) , and SERCA2a (33) . Modulation of these proteins contributes to altered calcium signaling, and differences in calcium signaling between males and females have been shown both at baseline (18) and following betaadrenergic stimulation (9) , indicating that eNOS-dependent protein regulation may play an important role in sex-dimorphic cardiac function.
In this study, we found that decreased miR-222 levels corresponded to increased eNOS expression in female hearts. Additionally, we found that the transcription factor ets-1, which activates transcription of eNOS, was also increased in female hearts. Sex-dependent regulation of ets-1 in the heart has not been previously reported. In addition to providing a direct mechanism through which decreased expression of miR-222 leads to increased eNOS expression in females, modulation of ets-1 represents a powerful pathway through which sex-dependent signaling can alter a large number of proteins via diverse transcriptional activation.
Conclusion
By comparing miRNA from male and female hearts, we have demonstrated sex-specific expression patterns of miRNA and examined the impact of decreased miR-222 on expression of eNOS in female hearts. Through inhibition of miR-222 expression, female hearts exhibit increased eNOS expression, which is known to regulate cardiac function. Additionally, we found that miR-222 exerts its effects on eNOS in the cardiomyocyte through direct inhibition of the transcription factor ets-1. These results indicate that altered miRNA expression patterns can alter expression of proteins such as eNOS that have important regulatory effects in heart.
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